Spatial attention to a visual stimulus that occurs synchronously with a task-irrelevant sound from a different location can lead to increased activity not only in the visual cortex, but also the auditory cortex, apparently reflecting the object-related spreading of attention across both space and modality (Busse et al., 2005) . The processing of stimulus conflict, including multisensory stimulus conflict, is known to activate the anterior cingulate cortex (ACC), but the interactive influence on the sensory cortices remains relatively unexamined. Here we used fMRI to examine whether the multisensory spread of visual attention across the sensory cortices previously observed will be modulated by whether there is conceptual or object-related conflict between the relevant visual and irrelevant auditory inputs. Subjects visually attended to one of two lateralized visual letter-streams while synchronously occurring, task-irrelevant, letter sounds were presented centrally, which could be either congruent or incongruent with the visual letters. We observed significant enhancements for incongruent versus congruent letter-sound combinations in the ACC and in the contralateral visual cortex when the visual component was attended, presumably reflecting the conflict detection and the need for boosted attention to the visual stimulus during incongruent trials. In the auditory cortices, activity increased bilaterally if the spatially discordant auditory stimulation was incongruent, but only in the left, language-dominant side when congruent. We conclude that a conflicting incongruent sound, even when task-irrelevant, distracts more strongly than a congruent one, leading to greater capture of attention. This greater capture of attention in turn results in increased activity in the auditory cortex.
Introduction
Attentional selectivity, the ability to select one particular source of information to guide action while ignoring others that are irrelevant to the current behavioral goal, is a critical cognitive function for successful navigation in the world. Our attentional selection is enhanced when the behaviorally relevant stimuli belong to the same object. Unisensory visual studies of object-based attentional selection have shown an apparently automatic spread of visual attention through a visual cued object (Egly et al., 1994; Abrams and Law, 2000) . Correspondingly, an fMRI study has reported higher activation in human visual cortex representing locations in a cued object relative to equidistant locations on another uncued object (Müller and Kleinschmidt, 2003) .
Based on these results, in our recent study, (Busse et al., 2005) we asked if visual attention can spread cross-modally to encompass other parts of a multisensory object. In that study, subjects attended to one of two lateralized streams consisting of rapidly presented simple visual stimuli. Half of these laterally presented visual stimuli were synchronously accompanied by a centrally presented, task-irrelevant tone. Activity associated with the central auditory stimuli occurring synchronously with an attended versus an unattended lateral visual stimulus was extracted by a set of subtraction contrasts. The EEG analysis revealed a late, sustained, frontally distributed pattern of brain activity for the central tones that occurred in the context of an attended relative to an unattended visual stimulus, an activation that resembled attention-related enhancements seen at earlier latencies during intra-auditory selective attention. The corresponding fMRI contrasts showed that this object-related attention effect included enhanced activity in auditory cortex. The pattern of results strongly suggested that attention to the visual modality can spread to encompass simultaneously occurring signals from the auditory modality, even when the auditory stimuli are task-irrelevant and from a different location.
In the Busse et al. (2005) study, the multisensory spread of visual attention across the sensory cortices during attended visual stimulation was revealed with visual-auditory stimulus combinations that were essentially neutral -i.e., they were neither related nor unrelated. In the present work, we asked whether this 'spread-ofattention' activity would be modulated by object-related conflict between the relevant visual input and the irrelevant auditory one. To produce object-related multisensory conflict, the stimulus inputs consisted of task-relevant, laterally presented, visual letters ("A" or "X") to be discriminated that could be accompanied by simultaneous, task-irrelevant spoken letters presented centrally (also "A" or "X"). If the visual letter was an "A", the spoken letter could be either congruent ("A") or incongruent ("X"). In previous studies of such multisensory conflict, all the stimuli were typically presented exclusively from the central position, and these have indicated that reading of written letters can be impeded by incongruent lettersounds and facilitated by congruent ones (e.g. van Atteveldt et al., 2007) . Here, the question was whether and by how such multimodal object-related conflict might modulate the cross-modal 'spread-ofattention' activity.
When attention spreads across a multisensory object whose sensory components conflict in some way, we might expect to see increased activity in both the ACC and the visual cortex for incongruent compared to congruent letter/sound combinations. Such effects would be expected for several reasons. First, previous neuroimaging studies have implicated the ACC as being involved in object-related conflict processing (Van Veen and Carter, 2005; Weissman et al., 2003, among others) . Secondly, in a previous multisensory cueing fMRI study in which the relevant visual and irrelevant auditory letter stimuli were simultaneously presented from a central location (Weissman et al., 2004) , the results indicated that conflict induced by co-occurring incongruent auditory letters led to increased activity in both the ACC and the visual cortex (Weissman et al., 2004) . The authors concluded that during conflict between the modalities, attention toward the relevant input is enhanced by boosting activity in the sensory cortex of the task-relevant modality. In our present study, given that the visual letters were relevant and auditory letters to be ignored, we predicted activity in the visual cortex would be enhanced during conflicting stimulation to help counter the auditory semantic distraction. In the current case, we could assess whether such incongruency-related activity patterns in the ACC and visual cortex will occur even during the multisensory spreading of attention across space.
An additional important question investigated here, however, is whether and how the 'spread-of-attention' activity in the auditory cortex would differ for congruent versus incongruent semantic objects. On the one hand, there is evidence (e.g. Molholm et al., 2007) that visual attention would only spread cross-modally if both modalities involved were associated with the same object, and not if they were linked to different objects. In a recent EEG study, Molholm et al. (2007) presented a central stream of alternating pictures and sounds to subjects, with a task to detect a specific picture while ignoring the sounds. Results indicated an increased auditory ERP negativity beginning around 200 ms when the response to the ignored sound corresponded to the attended visual object (e.g. barking sound and dog picture) relative to when the sound that was not a feature of the attended visual object (e.g. barking sound and guitar picture). Thus, the object-based spread of visual attention to the unattended auditory modality was greater when the visual and auditory semantic features matched (Molholm et al., 2007 ; also see Fiebelkorn et al., 2010) .
On the other hand, a task-irrelevant sound that is to be ignored might be more distracting when incongruent with a relevant visual stimulus. Distracting stimuli are known to capture attention (e.g. Sabri et al., 2006; Watkins et al., 2007; cf. Dalton and Spence, 2007 for multisensory distraction). For example, a combined EEG/fMRI auditory study revealed that the more an irrelevant auditory deviant was perceived as distracting, the higher the elicited activity in the auditory cortex (Sabri et al., 2006 ; see also Watkins et al., 2007) .Thus, for the auditory cortex, two opposing predictions could be made. One prediction hypothesizes that there would be greater 'spreading-ofattention' activity from the attended visual component to the synchronous task-irrelevant auditory component when they are congruent, due explicitly to their congruence engendering increased activity. Enhanced activity for congruent trials relative to incongruent ones could also be because as soon as the incongruency is detected the brain would respond by quickly sending inhibitory signals to suppress its processing. In contrast, if a conflicting incongruent sound (even when task-irrelevant) distracts more strongly than a congruent one, it may trigger a greater capture of attention, thereby leading to more activity in auditory cortex.
In summary, we specifically asked how the 'spread-of-attention' from an attended visual stimulus to a synchronous task-irrelevant auditory stimulus arising from another location would be modulated differentially as a function of whether these components conflicted. Accordingly, we presented congruent and incongruent letter-sound combinations while subjects visually attended one of two lateralized visual letter-streams and ignored the synchronously occurring taskirrelevant central sounds, which could be either semantically congruent or incongruent. Analyses of the interactions of attention by congruency would then provide insight into the mechanisms of the multisensory 'spread-of-attention' process, and into multisensory feature processing interactions more generally.
Materials and methods

Subjects
Sixteen healthy, right-handed subjects (ages 18-35 years; equal numbers of males and females) participated in the experiment. After receiving an explanation of the procedures, all subjects gave written informed consent according to a protocol approved by the Institutional Review Board of Duke University.
Paradigm
Sequences of lateralized visual letters ("A" or "X") were presented to the left and right visual fields (see Fig. 1 ) while subjects covertly attended to a designated side in each run to discriminate the letter on each trial. On two-thirds of the trials, the lateralized visual letter was accompanied by a synchronous, centrally presented, task-irrelevant, spoken letter (also "A" or "X", male voice) that could be either congruent or incongruent with the lateralized visual one. For each event, both the side of the visual letter (left/right on the screen) and whether it was or was not combined with a task-irrelevant, centrally presented letter-sound were randomized and unpredictable. The side to which the subject was instructed to attend was blocked by run, and every subject completed five 'attend-left' runs and five 'attend-right' runs.
To be able to extract brain activity due to the auditory part of the multisensory stimuli, we included purely visual letter stimuli ("A" and "X", with no accompanying auditory component), the responses to which could be subtracted from the corresponding multisensory response, analogous to the approach used in Busse et al. (2005) with simple unrelated stimuli. The duration of both the auditory and the visual stimuli was 250 ms. To ensure that attention remained tightly focused on the lateralized visual stream, visual stimulus events were presented at the relatively rapid rate of 625 ms, with an MR acquisition rate (i.e., TR) set at 1.25 s. To accomplish this, the congruent, incongruent, and pure visual "A" and "X" stimuli were presented time-locked to the beginning of the TRs (in random order and with equal likelihood), with task-irrelevant visual letters ('H's') being presented as visual 'filling' stimuli on the half-TR. In addition, 10% of the time points on both the full-TR and the half-TR were 'nullevents' (i.e., events without any stimulus), which were used to provide some jitter of the stimulus-onsets. For the main on-TR stimuli of interest, the stimulus pseudo-randomization was constrained so as to prevent two multisensory stimuli from occurring in consecutive TRs. This was done to minimize the possibility of saturation of the functional signal in auditory cortex, and to avoid any adaptation to the conditions of either congruency or incongruency (cf. Egner and Hirsch, 2005 for the visual cortex).
Each letter was presented 9.5°to the left or right of the fixation cross, and vertically 4°below fixation. This lateralized lower-visualfield positioning would be expected to evoke low-level brain activity in contralateral visual cortex dorsal to the calcarine sulcus. The letters were presented in two rectangular boxes (size 3.6°× 4.8°). These two laterally located boxes remained on continuously over the entire run, serving as attentional anchors to assist the subject in maintaining a strong attentional focus on the spatial position of the attended visual letter stream.
At the beginning of each run, subjects fixated on a central fixation cross and directed their attention to the anchor box on the designated side of their visual field. The subjects' task was to attend covertly to the stream of visual letters presented in the box on the designated side and to press one of two buttons with their right index finger when they saw the letter "A" appear there and the other button when they saw an "X". Subjects were instructed to ignore the visual stimuli on the other side of their visual field and to also ignore any sounds.
Image acquisition
Imaging was carried out in a 3 T whole-body scanner (GE Signa EXCITE HD system). Structural images for each participant were collected using a T1-weighted gradient-echo sequence with FOV 256 mm × 256 mm × 176 mm and a resolution of 1 mm × 1 mm × 1 mm. Functional BOLD (blood oxygenation level-dependent) contrast was obtained using a spiral imaging sequence with SENSE acceleration. The acquisition consisted of 32 transverse slices; thereby providing coverage of the whole cerebral cortex, acquired with a repetition time (TR) of 1.25 s. The in-plane resolution was 3 mm × 3 mm, with a slice thickness of 4 mm.
Data analysis
Psychophysical data
Only trials for which the behavioral responses occurred between 200-1000 ms after target presentation were considered for further analysis. Reaction times (RTs) for correct letter discrimination of the attended-stream visual letters were computed separately for the congruent, incongruent, and pure-visual trial types. Analyses of variance (ANOVAs) and subsequent paired t-tests were performed on the RTs between these experimental conditions.
MRI data
The MRI data were analyzed using the software package SPM2 (http://www.fil.ion.ucl.ac.uk). The first four image volumes of each run were discarded to allow for stabilization of longitudinal magnetization, leaving 1620 volumes per subject. Preprocessing included rigid-body transformation (realignment) to correct for head movement. The images were normalized to MNI space (Friston et al., 1995 , Mazziotta et al., 1995 , using the mean of the functional volumes, and then smoothed with a Gaussian filter of 6 mm full-width at half maximum (FWHM) to increase the signal-to-noise ratio and to facilitate group analyses.
For the analysis of the present study, we decided to use a finite impulse response (FIR) model as we presented stimuli in rather rapid succession (task-relevant stimuli could appear as closely as 1250 ms apart). The FIR has a unique ability to model any HRF, without constraints on the shape of the response. Such a feature becomes even more important when events are presented rapidly. For example, some recent studies with fast event-related presentation found a shift of the peak of the BOLD response from 6 s (the peak of the canonical response used in SPM) to as early as 4-5 s in superior colliculus (Wall Fig. 1 . Task paradigm. An example of stimulus sequence is shown for runs in which subjects attended to the left side. Two visual letter-streams were presented randomly to the left and right visual fields, including two task-relevant letters ("A", "X", each 30% of the total events). The task of the subject was to fixate on the central white cross and to detect "A" versus "X" on the designated (i.e. attended) side only. Two-thirds of the lateral visual letters (both attended and unattended) were accompanied by a simultaneous, centrally presented, spoken letter sound, 50% of which were incongruent with the visual letter and 50% congruent. Subjects were instructed to ignore the central spoken letters. et al., 2009), as well as in visual and/or auditory cortices (Burock et al., 1998; Weissman et al., 2009) . Accordingly, the FIR model seemed to be a reasonable choice for the present study.
Statistical inference was based on a random effects approach (Friston et al., 1998) , which comprised two steps. First, for each subject, the data were modeled separately for attended left and attended right runs, resulting in two separate design matrices per subject. Each design matrix modeled six event types, which was derived from the crossing of the two factors of attention (att/unatt) and stimulus type (pure/con/inc). For each of these six event types, ten TRs (12.5 s) of the BOLD response were modeled by using a finite impulse response (FIR) model, resulting in a total of 60 regressors in the design matrix. Of the ten modeled time points in the FIR, the peak and the two closest time points to the peak of the bold time course were averaged (for each trial type) to use in a second stage of modeling that treats subject variation as a random effect. The second stage of modeling took as input the six contrast images from the attend-right runs and the six from the attend-left runs, resulting in 12 contrast images per subject, which were then used to construct an ANOVA with subject as a repeated measure ROIs for areas of interest that were established by either an orthogonal functional contrast or from locations described in previous literature. These were then tested for the effects of attention and conflict and their interactions.
Definitions of ROIs
Lateralized functional ROIs of the visual cortex were established by contrasts between contra-and ipsilateral visual stimulation independent of stimulus type (as in, e.g., Macaluso et al., 2000; Zimmer and Macaluso, 2007; see Table 1 ). Functional ROIs of the left and right auditory cortices in the superior temporal lobe were established by subtracting all pure visual activation trials from all multisensory activation trials (as in, e.g., Weissman et al., 2004: see Table 1 ). For the ACC, we functionally defined a region of interest by using an Fcontrast over all conditions (i.e., all effects of interest) in the entire brain. The voxel-threshold for this F-contrast was set to p b 0.0001 (uncorrected), allowing the identification of relatively large numbers of activated voxels in the cognitive division of the ACC. In the resulting F-map, the ROI was centered in a 10 mm sphere around areas of functional activation related to conflict processing and response selection from previous studies (at x = 6 mm, y = 6 mm, z = 45 mm; the centroid of activations in Fan et al., 2008; Weissman et al., 2004; Picard and Strick, 2001 , see Table 1 ). Note, that by forming each ROI, we were interested which of the single voxels in the whole brain were specific for our functional contrast. Thus, we have used a whole brain correction based on the corresponding underlying functional contrast (Table 1) .
Testing for areas of attentional spread in each ROI
Across the different regions of the brain, we were interested if the multisensory spreading of attention to the auditory component would be modulated by object-related conflict. We therefore examined in each ROI the differential activity between visually attended multisensory stimuli and visually unattended multisensory stimuli by using an exclusive mask that discounted areas that showed an attentional effect in the case of pure visual stimulation alone. This exclusive mask was fairly liberal, in that it excludes any areas showing an attentional effect of pure visual stimulation reaching an uncorrected p-level of 0.05 (cf. Uncapher and Rugg, 2005; Christensen et al., 2006) . Note that this masking does not test for any differences between visual attention effects and multisensory attention effects (http://www.fil. ion.ucl.ac.uk/spm/doc/manual/manual.pdf). In other words, our exclusive mask of voxels that show an attentional effect for pure visual stimuli does not affect the p-values of the target contrast (all multisensory versus all visual stimulation, see Table 1 ). Once areas revealed by this masking were identified in a manner that is irrespective of congruency, subsequent t-tests were necessary to test if the congruent and/or incongruent trial types elicited significantly increased activity relative to any possible residual visual attention effects. Then these effects could be compared between conditions of congruency and incongruency spreading-of-attention in an orthogonal manner. Note that our follow-up tests over the entire masked auditory ROI were aimed to test for attentional differences between stimuli of differential congruency, thus staying orthogonal to the masking.
To test for significance of the multisensory spreading of attention, we extracted the hemodynamic time course using a finite impulse response (FIR) model (10 modeled time points) for each condition in the areas of multisensory attention outside the mask of visual attentional effects (using the MarsBaR toolbox for SPM, http:// marsbar.sourceforge.net/). We then averaged over the peak maximum and its two closest time points to reveal the 'percentage signal change'. In all our ROIs (ACC, visual and auditory cortices), this results in TRs 3, 4, and 5 (i.e. 3.75-6.25 s; see the time course of activity in Figs. 2B, 3B and 4B and C) being used to compare the differential responses of the various trial types. These differential responses were tested over the entire ROI as a whole, thus asking if the entire ROI (instead of single voxels within the ROI) is significantly affected for a specific comparison. Thus, search-volume corrections for such ROI analyses are not necessary (Poldrack, 2007) .
Correlation analyses
To gain further insight into the functional significance of the interaction between conflict and the spreading of attention in the auditory cortex, we correlated this interaction activation across subjects with the behavioral difference in reaction times between congruent and incongruent stimulation. In addition, we tested for a correlation of this interaction activity in auditory cortex with the interaction-related activity in both the ACC and the visual cortex. We used the extracted maximum 'percentage signal change' of TR = 3-5 (see above and see the time course of activity in Figs. 2B, 3B and 4B and C) for a linear regression across subjects to determine the degree of correlation of those conflict-attention BOLD interaction peaks in auditory cortex with the behavioral measures and with the activation in the ACC and visual cortex.
Results
Behavioral data during fMRI scanning
Subjects were instructed to visually attend to the letters presented on the designated side and to discriminate between the letters "A" and "X" with a button press. Reaction times for correct responses, pooled over the responses to visual letters "A" and "X", were as follows: pure visual presentation 573 ms (SD 61 ms); congruent presentation 541 ms (SD 59 ms), and incongruent presentation 549 ms (SD 59 ms). A repeated-measures ANOVA revealed a highly significant effect of stimulus presentation (F(2,29) = 29.45; p b 0.001). Subsequent paired t-tests indicated that reaction times to pure visual presentation were significantly slower than both congruent (t (15) = 5.74; p b 0.001) and incongruent trials (t (15) = 5.32; p b 0.001), suggesting a multisensory processing facilitation effect of the sound, possibly due to a general arousal effect (cf. Noesselt et al., 2008) . In addition, however, subjects' reaction times differed significantly with the congruency relationship of the sound stimuli, being slower for incongruent versus congruent trials (t (15) = 3.73; p = 0.002). Thus, while attending the visual letters, subjects appeared to be distracted by an incongruent sound, despite it being completely task-irrelevant and arising from a different location.
fMRI data
Multisensory spread of attention and its interaction with conflict in the ACC Within the ACC ROI, multisensory spreading of attention due to the auditory stimulus component was found bilaterally in two small regions ( Fig. 2A, red areas, see in Table 1 masked size, cf. Materials and methods). The time course of this area of multisensory spreading of attention due to the extracted auditory component in the ACC shows the peak maximum and its two closest time points at TRs 3, 4, and 5 (i.e. 3.75-6.25 s, Fig. 2B left panel) . We averaged over these time points to extract the 'percentage signal change' values shown in the signal br plots for this area (Fig. 2B, central panel) , which show that activity increased with attention for all the stimulus types (i.e., pure visual, congruent, and incongruent), indicating a general effect of attentional enhancement. The right side of Fig. 2B shows the difference of the attended minus the unattended trials for each stimulus type revealed by subtraction of the activity shown on the left side of Fig. 2B . The difference plots indicate that the 'spreading-ofattention' activity is significantly different for incongruent versus pure Red shading shows the areas of 'multisensory spreading of attention'-areas showing a significant effect of attention in the multisensory trials but not in the pure visual trials. This 'multisensory attentional spreading' was revealed by collapsing over congruent and incongruent multisensory stimuli. Activations are overlaid on the mean of the anatomical images of the 16 subjects. This 'multisensory attentional spreading' region was found to be significant at a corrected threshold of p = 0.05. Bottom panel (B): The time course of activity over all areas of multisensory spread (i.e., over all red areas in Fig. 2A ; left panel) and the resulting signal bar plots averaged over BOLD peaks, shown separately for the attended-visual and unattended-visual conditions for the different stimulus types (central panel), along with the corresponding attentional difference effect (i.e., 'spreading-of-attention' effect) for the different stimulus types (right panel). Attentional differences were revealed by subtracting the visually unattended signal activity from the visually attended signal activity for each type of stimulation. Within-ROI analyses that were found to be significant at p = 0.05 are indicated on the bar graph.
visual stimulation, as well as different for incongruent versus congruent stimulation. However, the comparison between congruent multisensory trials and pure visual trials did not reach significance (left Fig. 2B and Table 1A ). Thus, in the ACC there was only significant spreading of attention for the incongruent, but not congruent condition. This result is consistent with previous literature (Van Veen and Carter, 2005; Weissman et al., 2003 among others) , indicating that the ACC shows greater activation for incongruent than for congruent stimulation.
Multisensory attentional spread and interactions in the visual cortex
The functional ROI of the visual cortex (Fig. 3A , green and orange outlines, see unmasked size in Table 1 ; cf. Materials and methods) was revealed by subtracting all ipsilateral activity from all contralateral activity regardless if evoked by uni-or multisensory stimulation. In these functionally defined areas of the visual cortex, we found multisensory spreading of attention due to the extracted auditory component in the left dorsal visual cortex, corresponding to the position of the letter-boxes below the horizontal meridian in the lower-visual field (red area, Fig. 3A ; Table 1 masked area Materials and methods). The time courses of this area for the different conditions are shown in Fig. 3B , left panel. Averaged over these three time points, the bar plots for this 'multisensory attention effect' area (Fig. 3B, central panel) show that activity increased with attention for each stimulus type, thus again reflecting a main effect of attentional enhancement. This effect seems likely to be an attentional boosting of the relevant visual modality resulting from the co-occurence of an auditory stimulus. The difference plots (Fig. 3B  right) indicate that the attentional differences for incongruent letter/ sound pairs are significantly increased compared to the attentional differences of pure visual stimulation, presumably reflecting a boosting of activity due to increased visual attention in response to the conflicting stimulus components in the incongruent letter/sound pair. The corresponding comparison for the congruent condition revealed a trend (p = 0.085) toward a spreading of attention also in the congruent condition (Fig. 3C right side, Table 2 ). Attention-related differences were also significantly higher in the incongruent than in the congruent condition (Fig. 3C , left side and Table 2 ). In conclusion, the specifically enhanced attentional gain for conflicting stimuli seems to support the hypothesis that the distraction due to an ignored, simultaneously presented incongruent sound may be countered by boosting visual processing of the relevant visual letter stimulus.
Multisensory attentional spread and interactions in the auditory cortex
The ROI of the auditory cortex (Fig. 4A , green outlines, Table 1 : unmasked size) was revealed by subtracting all pure visual activity from all multisensory activity. The resulting auditory ROI included primary auditory areas (see Penhune et al., 1996; Morosan et al., 2001; Rademacher et al., 2001) , as well as posterior and anterior secondary auditory areas.
As mentioned above, the centrally presented auditory stimuli were completely task-irrelevant, and any attention-related differences observed for the extracted auditory responses presumably resulted from a 'spreading of attention' from the visual to the auditory stimulus components. Since the content of the auditory stimulus was spoken letters, we reasoned that these language stimuli might be differentially processed in left and right auditory cortex due to the well- Areas of 'conflict-induced attentional boosting' collapsed over congruent and incongruent trials in the functionally defined regions of visual cortex (red areas in green/orange outlines). Activations are overlaid on the mean anatomical image of all 16 subjects. White arrows note the location of the significant multisensory attentional effects. This 'multisensory attention effect' region was found to be significant at a corrected threshold of p = 0.05. Bottom panel (B): The time course of activity over all areas of multisensory attentional enhancement in visual cortex (red area in Fig. 3A ; left panel) and the resulting bar plots of activity changes in this area, shown separately for the attended-visual and unattended-visual conditions for the different stimulus types (central panel), along with the corresponding attentional difference effect. Attention-related differences and thresholds were calculated as in Fig. 2. established language dominance of the left auditory cortex (e.g. Dorsaint-Pierre et al., 2006; Tzourio et al., 1998) . Therefore, we investigated any effects of multisensory spreading of attention separately for the left and right auditory cortex. The areas of multisensory spreading of attention to the extracted auditory component, revealed by the exclusive masking (see Materials and methods), restricted the ROI's of both left and right auditory cortices to mainly in and near primary auditory cortex, i.e. Heschl's Gyrus (see red areas in Fig. 4A , Table 1 : masked size). In left auditory cortex, the time course over the area of multisensory spreading of attention and their attentional differences showed the peak maximum and its two closest time points at TRs 3, 4, and 5 (i.e. 3.75-6.25 s, Fig. 4B left   panel) . Averaged over these time points, the signal plots over this area of multisensory spreading of attention and their attentional differences (Fig. 4B) indicated that incongruent and congruent attentional differences were both significantly increased compared to attentional differences for the pure visual stimuli (Fig. 4B) . Thus, in the left auditory cortex, activity that reflects a spreading of attention to the task-irrelevant auditory sound was found independently of the congruency of that sound. In contrast, in the right auditory cortex, the activity patterns (Fig. 4C, central panel) indicated that multisensory spreading of attention was significantly greater for the incongruent trials than for the congruent ones, as well as being significantly larger than any residual attention-related differences for Fig. 3A ; left panels in B and C) and the resulting bar plots of activity changes in the areas of interaction, shown separately for the attended-visual and unattended-visual conditions for the different stimulus types (central panels in B and C), along with the corresponding attentional difference effect (i.e., 'spreading-of-attention' effect) for the different stimulus types (right panels in B and C). Attention-related differences and thresholds were calculated as in Fig. 2. the pure visual trials (Fig. 4C, right panel) . Thus, for incongruent trials, 'spreading-of-attention' was observed in both the left and right auditory cortices and was therefore apparently independent of semantic relations in the multisensory components. In contrast, a synchronous congruent letter sound seems only to elicit a spreading of attention when processed in the language-dominant left auditory cortex, suggesting that this multisensory spreading of attention might be facilitated by semantic binding between the multisensory components.
Conflict-related correlations between brain and behavior and between brain areas
The experimental design yielded a behavioral measure of perceptual conflict, namely the reaction time difference between incongruent and congruent multisensory trials, along with multiple brain-activation measures. So far, our results indicated greater spreading-of-attention activity for the incongruent versus congruent letter/sound combination in multiple brain areas (see Figs. 2-4) , consistent with the conclusion that an incongruent sound acts as a greater distracter that captures more in-process attentional resources. If this hypothesis is true, then the more the task-irrelevant conflicting sounds capture attention, the greater should be the behavioral effects on reaction time, with a corresponding increase in the difference in 'spreading-of-attention' activity between incongruent and congruent trials. Further, the greater the distracter-related differences in 'spreading-of-attention' activity in the auditory cortices, the greater should be the corresponding effect in the ACC, due to the increased distraction to conflicting input.
These predictions were tested with several correlational analyses across subjects. First, we performed a linear regression of incongruent 'Spreading-of-Attention' activity revealed in regions of collapsed multisensory 'spreading-of-attention' and by subsequent within-ROI analyses. Comparisons that do not reach statistical significance are presented in italics. versus congruent differences in spreading-of-attention activity in either the right or left auditory cortex and the RT-measurement of stimulus conflict. In the right auditory cortex, this correlation analysis was significant (Fig. 5 left upper panel; r 2 = 0.23; p = 0.03; t (15) = 4.2, one-sided t-test). In the left auditory cortex, this correlation did not reach significance (Fig. 5 lower left panel) . Secondly, we tested for correlations of the difference in incongruent versus congruent spreading-of-attention activity between brain regions -namely between the ACC and the right and left auditory cortices. Both of these correlations were found to be significant (Fig. 5 right upper panel; r 2 = 0.25; p = 0.025; t (15) = 4.55, one-sided t-test; right lower panel: r 2 = 0.40; p = 0.003; t (15) = 11.1, one-sided t-test), suggesting that increased distractor-related activity in auditory cortex for incongruent attended trials is associated with enhanced conflict effects in the ACC.
Discussion
In the present study, we investigated how the 'spread-of-attention' across a multisensory audiovisual object shown in Busse et al. (2005) for simple unrelated stimuli would be modulated when the spatially discordant auditory and visual stimulus components conflicted. In agreement with our predictions, we observed significant enhancements for incongruent versus congruent letter-sound combinations in the ACC and in the contralateral visual cortex when the visual component was attended. In the auditory cortex, our results showed greater spreading of attention for incongruent sounds than for congruent ones. Moreover, the 'spreading-of-attention' activity was found to be significantly present in both auditory cortices if the spatially discordant auditory stimulation was incongruent, but mainly in the left language-dominant auditory cortex if it was congruent. Such a pattern supports a model in which a task-irrelevant sound occurring synchronously with an attended visual event, even if from a different location, tends to distract more strongly than congruent ones, and in turn leads to a greater capture of attention and a greater competition for attentional resources.
Anterior cingulate cortex (ACC)
In the ACC, the 'spread-of-attention' during multimodal objectrelated conflict resulted in increased activity relative to conditions without conflict, confirming our prediction for this area. In general, results of previous neuroimaging studies have indicated increased activity in the anterior cingulate cortex (ACC) for incongruent multidimensional stimuli compared to the congruent ones (Van Veen and Carter, 2005; Weissman et al., 2003, among others) . More specifically, in a recent multisensory cuing paradigm (Weissman et al., 2004) in which subjects had to identify visual letters while ignoring task-irrelevant auditory letter stimulation, both centrally presented at the point of fixation, the anterior cingulate cortex showed enhanced activity when the auditory letter information conflicted with the attended visual source. Furthermore, ACC activity was also shown in a modified Stroop paradigm where the conflicting stimuli were spatially separated (Fan et al., 2003) . Here, we found a similar involvement of the ACC, specifically when the visual component of the incongruent multisensory stimuli was attended versus unattended, and thus when visual attention was spreading over both modality and space to the task-irrelevant auditory component.
Visual cortex
Confirming our prediction for the visual cortex, we found increased activity corresponding to a boosting of attention to the relevant modality for incongruent compared to congruent letter/ sound combinations. A recent fMRI study on global versus local conflict (Billington et al., 2008) provided evidence that activity in the visual cortex is enhanced for conflicting versus non-conflicting visual stimulation, and therefore supports processing of the relevant events. In our previous multisensory cuing paradigm, relevant visual and irrelevant auditory letter stimuli were presented simultaneously from a central position (Weissman et al., 2004) . The fMRI results indicated that conflict from distracting auditory letters with relevant visual letters lead to increased activity in both the ACC and the visual cortex (Weissman et al., 2004) , which was interpreted as indicating that attention toward the relevant input is enhanced by boosting activity in the sensory cortex of the task-relevant modality. Our present results are in agreement with this assumption, but also demonstrate that multisensory conflict induces increased activity in the relevant visual cortex even when both the task-relevant and the taskirrelevant components occur at completely different spatial locations.
Auditory cortex
For the auditory cortex, we hypothesized two alternative possible outcomes. One possibility was that attention would spread more to the task-irrelevant auditory stimulation for the congruent than for the incongruent trials because once the incongruency was detected the brain would respond by sending inhibitory signals to suppress auditory cortex processing of the conflicting auditory stimulus. The alternative hypothesis was that the incongruent auditory stimulation would serve as a greater distractor, tending to capture attentional resources and thus lead to greater activity in auditory cortex. Our results clearly provide evidence for the second hypothesis.
The attention-related interaction activity patterns in the auditory cortices differed between the left and right hemispheres. In the right auditory cortex, we found significant 'spread-of-attention' activity during incongruent trials, whereas in the left auditory cortex there were significant, and similar, levels of this activity for both the incongruent and congruent conditions. Thus, put a different way, the 'spread-of-attention' activity was robustly present for conflicting sound in both auditory cortices, but only on the left for congruent trials. This pattern thus suggests that a conflicting incongruent sound (even when task-irrelevant) seems to distract more strongly than a congruent one, apparently leading to greater capture of attention, reflected by an increase of activity in auditory cortex. Using auditory deviants as distracting stimuli in an auditory stream of standards, previous brain imaging studies (Watkins et al., 2007; Sabri et al., 2006; Crottaz-Herbette and Menon, 2006) have suggested that attentional capture of non-speech-related auditory distractors results in enhancement of activity bilaterally in the auditory cortices compared to non-distracting auditory standard stimuli. In addition, a recent EEG study on auditory deviant perception (Jankowiak and Berti, 2007) indicated that deviant stimuli with probabilities as high as 33% are able to induce distraction as shown by an increase of the N2 and P3 ERP components in deviant stimuli occurring in a stream of standards. Accordingly, it is reasonable that the randomized incongruent multisensory events in our study, which occurred with a probability of 33%, would have been able to induce distraction.
As noted above, some spreading of attention due to the extracted auditory stimulus part was also found for the congruent letter/sound stimulus combinations, but only in the left, language-dominant, auditory cortex. In a previous study by Miller and D'Esposito (2005) , left Heschl's Gyrus was reported as being specifically involved in the perception of temporally congruent speech stimuli (i.e. voice/mouth). Here, our recent data extend these studies by showing a specific role for the left Heschl's Gyrus in semantically congruent letter/sound combinations, even when the audio component comes from a different spatial location from the task-relevant visual component.
Previous fMRI studies investigating brain activity related to congruent and incongruent speech combinations (e.g., van Atteveldt et al., 2004 van Atteveldt et al., , 2007 Hocking and Price, 2008; Murase et al., 2008; Noppeney et al., 2008) have almost always presented stimuli from the same spatial location, typically centrally (but see Fairhall and Macaluso, 2009 ). In such studies, spatial attention was thus already in place for the location of both the visual and auditory stimuli (i.e., supramodally) and did not need to spread spatially to encompass the simultaneously occurring auditory stimulus. In further contrast to these other studies that used central presentation, our introduction of an unattended stimulus side allows the investigation of conflict processing in the absence of attention. Importantly, our results in the auditory cortex (bar graphs Fig. 4B , C central panels) indicate that differences for incongruent versus congruent stimulation could be found only when the visual part was attended, and not when it was unattended. Thus, in our present data, conflict processing was not due simply to a mismatch between two components of a multisensory stimulus, but rather depended fully on attention.
Some differences in the results of studies (with active attention paradigms) of multisensory conflict effects might be explained by which modality is attended (visual/auditory), the task context, and/ or the level of the conflict. Focusing on modality effects, a recent study (Noppeney et al., 2008) showed an incongruency effect in the left auditory cortex when the auditory input (words) was attended and the visual part (pictures) was to be ignored. Such results thus suggest that, if the auditory modality is attended, then the processing of incongruency may tend to be stronger in the auditory cortex of the left hemisphere, which is specialized for language processing. Considering task effects, a cueing study by Weissman et al. (2004) did not find any significant incongruency effects in the auditory cortex when the target modality was visual, possibly indicating a less significant auditory capture effect when subjects' are forewarned by a cue. In regards to conflict level, in Sadaghiani et al. (2009) , subjects reported the direction of visual moving dots that were accompanied by either congruent or incongruent auditory directional words (left/right/up/ down), which resulted in an effect of incongruency in the left rather than the right auditory cortex. One might speculate that, because the speech and motion stimuli in that study came from very different object categories, an incongruent stimulus combination might evoke conflict more at a language-related response level (in contrast, perhaps, to letter-object stimulus-level representational conflict in our study). This language-related response conflict may therefore more heavily engage activity in the auditory cortex of the languagespecialized left hemisphere.
In our case, with visual input being attended, and auditory unattended, we infer that attention flows from the attended visual to the auditory modality (as shown in the original Busse et al. study, 2005) . We speculate that, if our hypothesis is correct that the increased activity for incongruent trials reflects in part an attentional distraction by the incongruent stimulus, the tendency toward a rightside dominance of this effect could be related to the right hemisphere being more involved in stimulus-driven, bottom-up attentional capture (e.g., Corbetta and Shulman, 2002) . Regardless, however, we also note that the overall pattern here (spreading of attention activity larger for incongruent than congruent trials) was similar in the two auditory cortices, although the difference on the left did not reach significance. Accordingly, these left-right incongruency differences may be more a matter of degree, rather than a strict laterality difference.
Conflict-related correlations between brain and behavior and between brain areas
The idea that an incongruent auditory stimulus, even when taskirrelevant and from a different location, could capture attention and result in greater activity in the auditory cortex could also be assessed in the current experiment with behavioral measures. These measures were then used to perform a correlational analysis between behavioral interference (as indexed by the Incongruent-minusCongruent RT difference) and the incongruency-modulation of the spreading-of-attention activity in the auditory cortices. A significant positive correlation was found in the right auditory cortex, but not on the left. Such a finding thus mirrors the hemispheric pattern of results described above in which it was found that only the right auditory cortex showed spreading-of-attention activity being significantly modulated by incongruency.
Additionally, the incongruency modulation of the spreading-ofattention activity in the auditory cortices was found to covary significantly across subjects with the analogous incongruencymodulation seen in the ACC. In a previous combined EEG/fMRI study (Crottaz-Herbette and Menon, 2006) , using auditory deviants as distractors in a stream of auditory standard stimuli, it was reported that the more activity an irrelevant auditory deviant elicited in auditory cortex the higher the activity in the ACC. Here, our correlations of auditory cortex and ACC are in agreement with these previous studies, but go beyond by showing that these correlations occur also during a multisensory paradigm when the auditory stimuli are task-irrelevant, and even arising from a different location in space.
Our results considered as a whole suggest an overall systems-level model of the cascade of functional activation. With an attentionallydemanding behavioral goal, it is essential to be able to focus on information within the relevant modality. Task-irrelevant conflicting stimuli from the another modality may capture attention away from this goal, which our data suggest is reflected within trial by enhanced activity in the sensory cortex of the task-irrelevant conflicting modality. Such distraction may then be overcome by a combination of ACC activation (Weissman et al., 2004; Egner and Hirsch, 2005 , for intravisual sequential effects; and as in our data) and boosting activity to the sensory cortex of the relevant modality (Noppeney et al., 2008; Weissman et al., 2004; Egner and Hirsch, 2005 , with sequential effects; and in our data).
Summary and conclusions
In summary, the present study reports several key findings. First, the results confirmed our predictions for the anterior cingulate cortex and visual cortex. In both regions, we observed significant enhancements for incongruent versus congruent letter-sound combinations when the visual component was attended, presumably reflecting the detection of the conflict (in the ACC) for incongruent trials and the need to boost attention to the relevant visual stimulus (in visual cortex) for such trials.
For the auditory cortex, we suggested two competing hypotheses: one which predicted greater 'spreading of attention' for congruent stimuli, as they would assist the visual discrimination and be drawn into the penumbra of attention, and one in which incongruent stimuli would serve as distracters and tend to capture attention and processing resources. The results support the second hypotheses, namely that the spread-of-attention activity was greater if the spatially discordant auditory stimulation was incongruent with the task-relevant visual stimulus. In addition, some spreading-of-attention activity was also found for congruent letter/sound combination, but mainly in the language-dominant left auditory cortex, suggesting some semantic, and thus object-related, dependence of the attentional spreading.
In conclusion, the overall pattern of the present results indicate increased spreading of attention and other attentional interactions for incongruent than for congruent multisensory stimulation in the ACC, the visual cortex, and the auditory cortex. This pattern of activity is consistent with the model in which, as attention spreads from a relevant visual stimulus to a simultaneous but incongruent auditory stimulus, even when it is task-irrelevant and from a different spatial location, the incongruency results in increased distracter-related activity in auditory cortex. This could then lead to enhanced activity of the ACC, presumably related to conflict detection of some sort, followed by enhanced boosting of processing in the visual cortex to help counter the distracting influence of the auditory modality. Future studies using brain-activity measures with higher temporal resolution (such as EEG) will be important for being able to delineate the precise temporal cascade of brain activation during the 'spreading of attention' for congruent and incongruent multisensory stimulation.
